·INTRODUCTION
The superconducting magnet described here was to be used as part of a detec~or for an experiment (MINIMAG) on the electron-positron storage ring and colliding-beam facility (SPEAR II) at the Stanford Linear Accelerator in California. Although the MINIMAG experiment was ·cancelled, the magnet development work was not. The dev~lopment of superconducting magnets, such as the one described here, is vital for· the advance of high-energy physics on colliding-beam machines such as OORIS in Gennany, the ISR at CERN. in Switzerland, and the proposed PEP machine in the United States.
The design of the MINIMAG experiment was dictated by the requirement of accurate measurement of both charged-particle and y-ray kinematics over a large solid angle and energy range. 1 The charged-particle detector with its momentum~analyzing solenoid magnet, the magnet described here, needed to be compact to minimize the volume of the surrounding photon (y-ray) detector. There should be a minimum amount of material between the interaction region and the y-ray detectors. The radiation thickness of the magnet was set at one-third of a radiation length. - 
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The detector could have occupied a space no larger than 2.3 m on either side of the interaction region in SPEAR II. Machine beam dynamics dictate that the detector solenoid magnet should have a practical length of around 2 m. The diameter of the solenoid, which could not be smaller than the diameter of the charged-particle detectors, was set at one meter.
A 0.5 T conventional solenoid could have been used in this experiment; its power constunption would have been at least 1.6 MW, and its momenttun resolution would have been somewhat limited. A superconducting solenoid would penni t one to increase the central induction to 1. 0 or 1. 5 T. Thus , the power consumption would be reduced and the momentum resolution would be improved. The NITNIMAG Solenoid is described here; more detailed descriptions . and calculations are found in References 2, 3, and 4. This paper concludes that the MINIMAG Solenoid design is technically feasible. The experimental work needed to prove feasibility is discussed here. Small-coil experimental results are presented as are descriptions of the full scale test coils, which were under construction at the time this paper was written. Table I shows the specification for a material that could be used in the MINIMA.G solenoid.
A superconductor similar to the material shown in Table I was tested at the Lawrence Berkeley Laboratory in 1974. The material, which was made by Supercon (Supercon material 252E-9), could carry over l. 6 x 10 9 Nm 2 in the metal at an induction of 2 T. The measured Supercon material, which has the properties close to those shown in Table I Lead glass photon defectors 7
Drift chamber charged particle detector7 Table III shows the expected characteristics of a 1.0 T and a 1.5 T MINIMAG solenoid.
- Figure 3 shows a cross section of a magnet coil, a magnet spool, and the refrigeration tubing, and is a drawing of the large experimental coil. If the magnet coil was to withstand the magnetic hoop stress by itself, the 1.5 T magnet coil would have an average stress of about should work at such a stress'level.
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The breaking stress for·Nb-Ti composite·e~ceeds;:8 x ios.N/n?:c116,000 psi). Th~.stress level::~ the~-~o~ ductor will be much lower because there is an epoxy bond between: the coil, the bore tube, and the Dacron cloth.
;
The Magnet Bore Tube
The aluminum bore tube serves· two functions : It is a winding fonn for the solenoid; and most important, it will dampen the magnet quench.
The bore-tube outside diameter is 998 mm; its thickness is 6 The charge time of the , magnet is limited by the energy dumped in the bore tube. When the magnet is charged at the design. rate, up to 10 W will be dissipated in the coil bore. The ac loss in the superconductor is two orders of magnitude lower than the bore tube .loss .
1HE MI\GNET CRYOGENIC AND REFRIGERATION SYSTEM 3
The magnet will be cooled by two~phase helium flowing in a cooling tube; the helium would be supplied by a CTi Model 1400 refrigerator.
The cooling t1,1be, and the magnet coil, around which the tube is wound, are in the cryostat vacuum vessel. There is no cryostat in the conventional sense --a conventional cryostat would be much thicker from a radiation standpoint. In addition, the unconventional cryogenic system ' will permit the MINIMI\G solenoid to be cooled down in a relatively short time. The cooling circuit will be grounded electrically to the·bore tube.
The electrical-lead cooling gas will be fed from the main refrigeration circuit through an insulated section, which pennits the leads to run at a different electrical potential (see Fig. 3 ). The coil, the bore tube, 
The Magnet Cryostat Vaculim Vessel and Support System
The MINIMA.G solenoid will be a wann-bore magnet, which requires both inner and outer vacuum shells. Both shells are to be fabricated from aluminum. The inner shell, which sees only an outward pressure force, will have a thiclmess of 2. 5 mm. The outer shell will be 6 mm thick because it must resist buckling, and because the preliminary design calls for no .
ri.bs, so thar the radiation thicknes_s is lmifonn .
. The ends of the cryostat have no radiation-length restrictions (only the inner 1.75 m of the solenoid has to be thin fro~ a radiation.stand-. point). The cryostat vacuum jacket will have an overall length of 2. 04 m, and the end regions will contain the cryostat support system, the electrical lead feed, and the refrigeration feed-throughs. Both the magnet and the vacuum vessel will be thick in this region, from a radiation standpoint.
The support system will be a combined tension rod and compression rod support system, which is self-centering during the cooldown. The total magnet mass is estimated to be about 250 kg, but the cryogenic support system is designed to resist lateral an~ longitudinal forces up to 5000 N.
'!'here shou,ld be no force on the magnet except gravitY, force if it is -14-.properly centered; the lateral and longitudinal force-carrying capability is needed to overcome the effects of asymmetry.
Only the ends of the cryostat will have 80 K shields and support points. The 80 K shield will cover the end region where the insulation is complicated by penetrations and support rods. The·center part of the cryostat will have a multi-layer insulation (about SO layers), which is relatively easy to apply.
The Refrigerator and It's Distribution System
The schematic of the MINIMAG magnet cooling system (Fig. 4) shows that the large superconducting solenoid and two smaller compensating solenoid magnets would be cooled by a single CTi MOdel 1400 refrigerator.
The rated capacity of the refrigerator with two compressors and nitrogen precooling is about 70 w. The refrigerator will be connected to a saoliter storage Dewar and to the distribution system for the N.ITNIMAG solenoid.
The cold gas from the refrigerator will be fed to the distribution system at a pressure of 3 -S bar. The supercritical helium will pass into the control Dewar where it will be cooled in a heat exchanger to around 4.4 K, and then it will pass to the magnet-cooling coils through a J-T valve. Since the gas will already have been precooled, little gas (1 or 2 percent by weight) will be flashed; the two-phase stream will enter as about 99% liquid. The helium will pass through the magnets and returns to the control Dewar as at, least 30% liquid, which will be used to precool the incoming helium stream. The liquid level in the control Dewar will be used to control the refrigeration system. .,-18-thickness being quite tm.ifonn at 0.32 ± 0.02 radiation lengths. Table IV shows a breakdown of the radiation thickness of the various' parts of the MINIMA.G solenoid.
EXPERIMENTAL ·MAGNETS
Proving the feasibility of the MINIMAG concept requires three stages of experimental work: In the first two stages, a small round solenoid and a small oval solenoid were completed before the MINIMA.G experiment was cancelled. The third stage of the experiment, which will be completed All four layers were tested at two temperatures, 4.2 K and 4.6 K. The oval solenoid, which was wound with the same superconductor as the round solenoid, was designed to subject the superconductor to very high tensile stresses while the conductor is running at high current densities in a magnetic field (see Fig. 5 ). The oval solenoid form has variable radii of curvature: The largest radius is 500 nun; the smallest, 33 nun. The stress in the conductor is determined by the largest radius of curvature assumed by the conductor. It should be noted that this largest radius is reduced as the conductor is strained. (The conductor pulled away from the winding fonn during the test.)
The superconductor in the coil was stressed as current was put into the coil; the peak current was 1300 A (1.33 x 10 9 A/m). At that current the stress in the conductor was at least 3.7 x 10 8 N/m 2 (57000 psi), while the peak induction was 1.84 T. In later tests, the coil was impregnated with wax, which did little to strengthen the coil, and prevented good cooling. The motion of the conductor as it was stressed caused the The first coil to be tested will be wound with an MCA conductor that has 2300 filaments twisted in a copper matrix. ~The copper-tosuperconductor ratio is 1.8 to 1~) The second coil will be wound with Supercon material which has 2700 filaments twisted in a copper matrix.
(The· copper-to-superconductor ratio is 1 to 1.) Testing with two kinds of superconductors pennits us to evaluate their perfonnance under conditions of high current densities and at full stored energy .
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